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A semi-analytical solution is proposed to the electromagnetic scattering by an infinite chiral circular cylinder with arbitrary monochromatic illumination. The scattered and internal fields are expanded in terms of appropriate cylindrical vector wave functions, and their expansion coefficients are determined by virtue of the boundary conditions and the projection method. As a demonstration of the theoretical procedure, the normalized internal and near-surface field intensity distributions are evaluated for a fundamental Gaussian beam, and the scattering properties are discussed briefly for different chirality parameters
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1.	Introduction
Currently, the electromagnetic (EM) properties of chiral media have been investigated extensively, to quote a few related works in [1-5]. Undoubtedly, one of the basic problems to analyze the interaction between EM waves and chiral media is to describe the EM scattering by chiral objects. Among all the studies, especially those analytical ones, a chiral cylinder is one of the most widely used theoretical models. The pioneering work has been done by Bohren on the EM plane wave scattering by an optically active cylinder [6]. Under normal illumination of a TE or TM plane wave, an efficient recursive eigenfunction solution has been presented by Kluskens et al. to a multilayered chiral circular cylinder [7]. In our recent papers, the scattering of an on-axis fundamental Gaussian beam striking an infinite chiral circular cylinder and coated chiral circular cylinder has been examined, by applying explicit EM field expansions in terms of the cylindrical vector wave functions (CVWFs) and the generalized Lorenz-Mie theory (GLMT) [8, 9]. In this paper, we will consider the general case of an arbitrary focused EM beam, and concentrate on the internal and near-surface EM fields.
The paper is organized as follows. In section 2, a semi-analytical theoretical scheme is given for calculating the scattered fields by an infinite chiral circular cylinder illuminated by an arbitrary focused EM beam. In section 3, numerical results of the normalized internal and near-surface field intensity distributions (FIDs) are presented for a fundamental Gaussian beam. Section 4 is the conclusion.
2.	Formulation
As schematically shown in Fig.1, an infinite chiral circular cylinder of cross section radius , embedded in free space, is attached to the Cartesian coordinate system . A focused EM beam propagates within the  plane and along the positive  axis in the system  (EM beam coordinate system). Origin  is at  in , and the  axis  has an angle  with respect to the axis . In this paper, a time dependence of  is assumed for the EM fields.

Fig.1. Geometry of the scattering problem
The scattered EM fields by the chiral circular cylinder can be represented in infinite series of the CVWFs of the third kind in , as follows [8, 9]:
              (1)
         (2)
where  and  are respectively the free space wave number and characteristic impedance, and , .
The constitutive relations for a chiral medium can be described by [8-11]
                              (3)
                              (4)
where ,  and  are respectively the chirality parameter, relative permittivity and permeability of the chiral medium.
The EM fields within the chiral circular cylinder (internal fields) can be accordingly expanded into the CVWF series, in the following form [8, 9]
        (5)
     (6)
where ,  and .
It should be noted that  will be expressed by  in the following formulas and numerical experiments when it is a negative real number.
The boundary conditions require the continuity of the tangential components of the EM fields over the circular cylinder surface, which can be expressed as
               (7)
where  and  represent the electric and magnetic fields of the incident focused EM beam, and  is the unit outward vector to the circular cylinder surface.
Substituting Eqs. (1), (2) and Eqs. (5), (6) into Eq. (7), we can have
       (8)
   (9)
If Eqs. (8) and (9) are respectively multiplied (dot product) with  and , where , and then integrated over the circular cylinder surface (projection method) [11], we can obtain
 (10)
                           (11)   (12)
                   (13)
where , and .
The derivation of Eqs. (10)-(13) is straightforward by using the ,  and  components of the EM fields and CVWFs, and by considering the following simple formulas
                             (14)
                          (15)
In fact, the above theoretical procedure can be easily validated as follows. If we have the incident EM fields expanded in terms of the CVWFs as usual as in Eqs. (1), (2) of [8, 9], we can readily obtain the relations among the expansion coefficients of the incident focused EM beam, scattered and internal fields by substituting such expansions into Eqs. (10)-(13) and by using Eqs. (14), (15), which is equivalent to Eqs. (21)-(24) in [8] derived by an exact analytical solution based on the GLMT.
The unknown expansion coefficients of the scattered and internal fields , ,  and  can be determined by solving the system consisting of Eqs. (10)-(13), for which the integrals including  and  ought to be numerically evaluated, e. g. by the well-known Simpson’s  rule in our programming with MATLAB [11]. In the following calculations for a fundamental Gaussian beam, to ensure a better accuracy of convergence (three or more significant figures) we truncate the infinite integral over  be setting  to , where the truncation number  is approximated by  and  is the wavelength of the incident Gaussian beam.
3. Numerical results
In this section, we will focus on the normalized internal and near-surface FIDs, respectively defined as
                          (16)
and
             (17)
where the subscripts ,  and  represent the ,  and  components of the electric fields.
As an example of numerical experiments, the normalized internal and near-surface FIDs in the  plane are shown in Fig.2 for a chiral circular cylinder under illumination of a fundamental Gaussian beam following the Davis-Barton third-order corrected expression (see Appendix).
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Fig.2. Normalized internal and near-surface FIDs for a chiral circular cylinder illuminated by a  mode Gaussian beam (, , , , , ) (a) Gaussian beam, (b) chirality parameter , (c) , (d) .
In Fig. 2 (b) (, ), two focused beams appear due to the transmission of two eigenwaves (right–handed and left-handed Beltrami waves within the chiral medium) out of the chiral cylinder. For the chirality parameter in Fig. 2 (c) (, , ),  becomes an imaginary number for . As a result, the right-handed Beltrami wave corresponding to  is attenuated quickly in the chiral cylinder, and only one focused beam appears for the left–handed Beltrami wave propagation. In Fig. 2 (d) (, , ),  is a negative real number for , and we can see that the chiral cylinder supports a negative phase-velocity (NPV) propagation.
4. Conclusion
Based on the EM field expansions in terms of the CVWFs, the boundary conditions and projection method, an approach to compute the scattering of a focused EM beam by an infinite chiral circular cylinder is given and theoretically verified. For incidence of a fundamental Gaussian beam, the normalized internal and near-surface FIDs show that, for different chirality parameters, such phenomena as the beam splitting effect, transmission attenuation and NPV propagation can be observed. In theory, this semi-analytical scheme is applicable for an arbitrary focused EM beam if its explicit descriptions are known.
Appendix
Third-order corrected expressions for the EM field components of a  mode focused beam in , developed by Barton and Alexander, are written as [12-14]
                    (A1)
                                    (A2)
                   (A3)
                            (A4)
                   (A5) 
                  (A6)
where , , ,, ,   and  are the nondimensional parameters, and  is the beam waist radius.
Eqs. (A1)-(A6) are for a focused EM beam having an  time dependence used in this paper after our careful derivation.
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